We have investigated the multi color density photochromism in reduced tridymite BaMgSiO 4 (BMS-H) semiconductors, which can utilize green light, blue light, sunlight and ultraviolet light. It is found that BMS-H is one of visible light photochromic material with high response. BMS-H changes color from white to pink by sunlight irradiation or 405 nm light. The colored BMS-H is irradiated with 532 nm light, and the sample is substantially bleached. Furthermore, the colored BMS-H changes bright pink by 365 nm light irradiation. The pink color density of BMS-H strongly depends on the wavelength of irradiation lights. After heat treatment of 250°C for three minute in air, the sample is substantially bleached, and the bleached sample regains its color on light irradiation. BMS-H shows high reversibility in the coloringbleaching processes. The pink color of BMS-H irradiated 365 nm light could be observed by visual confirmation after 22 days. The photogenerated colored state is comparatively stable in air at room temperature.
Introduction
The photochromism of oxide semiconductors involves photogenerated electrons and holes migrating in the semiconductors and producing color centers. The color centers absorb visible lights, leading to the color change. Suitable color centers with visible light band gap are prerequisites for photochromism.
1)6)
The present situation emphasizes the significance of developing visible-light-sensitive photofunctional materials. Especially, visible light photochromism in composite metal oxides is found to be more challenging, because the bandgap of composite metal oxides is generally larger than the energy of visible light, and composite metal oxides do not absorb visible light. 7) Over the past 20 years, the investigation has been done mainly on metal oxides such as electrically pretreated amorphous MoO 3 films, 2) V 2 O 5 , 3) WO 3 /CdS films, 4) SrTiO 3 :Fe, 5) Bi 12 GeO 20 :Cr 6) and Ag nanoparticles loaded TiO 2 films. 8) Conventional photochromic materials respond in a monochromatic way, and it is thought that the color density of photochromic materials strongly depends on the intensity of irradiation light. If the color density of photochromic materials could be controlled by the wavelength of irradiation light, it is possible to control the contrast of drawn images. Erasing and development of the same images can be repeated using different wavelength lights.
The crystal structure of BaMgSiO 4 was first investigated in 1964 when Do Dinh established it as having a hexagonal structure type. 9) Later, as a result of progress in the X-ray diffraction (XRD) technique as well as the interest in the complex polymorphism of BaMgSiO 4 , more accurate crystal structures involving the determination of the unit cell parameters and volumes were established. 10) BaMgSiO 4 belongs to the stuffed tridymite structure with space group P6 3 , lattice parameters a = 0.91226, c = 0.87496 nm and volume 0.6306 nm 3 . In the tridymite structure of BaMgSiO 4 , the SiO 4 tetrahedrons are connected to each other by sharing corners and form three-dimensional tunnels, as shown in Fig. 1(a) In this study, we report the multi color density photochromism in reduced BaMgSiO 4 semiconductors, which can utilize green light, blue light, sunlight and ultraviolet light. The colors are stable in the dark, but the colors are bleached by green light irradiation or heat treatment. These processes are repeatable. The results suggest the incorporation of oxygen vacancies into a composite metal oxide of wide bandgap as a strategy to design new photochromic materials. 4 and they were mixed in a mortar with ethanol. After drying, the mixed powder was pressed to a pellet, which had a diameter of 20 mm and a thickness of 5 mm. The pellets kept in an alumina boat inside a horizontal tubular furnace and sintered in a reducing atmosphere for 4 h at 1250°C. BMS and BMS-H mean BaMgSiO 4 sintered in argon atmosphere (Ar: 100%) and BaMgSiO 4 sintered in reduction atmosphere (Ar: 95% + H 2 : 5%), respectively.
Experimental
11) The photochromic experiments were done in air at room temperature, and Sunlight, a blue laser, a green laser and an ultraviolet (UV) lamp were used as light sources. The wavelength and intensity of the blue laser, the green laser and the UV lamp were 405 nm, 556 mW cm
¹2
, 532 nm, 1250 mW cm
, and 365 nm, 125 mW cm ¹2 , respectively. The ultravioletvisible diffuse reflectance spec-trums were measured using the diffuse reflection method with a spectrophotometer. The crystal structures were determined by XRD using Cu K¡ radiation.
The quantum-mechanical calculation was performed based on the density functional theory. The total energy code CASTEP, which uses plane-wave pseudopotential total energy calculation, was utilized in this calculation. , respectively. The electronic exchange correlation energy was determined by generalized gradient approximation (GGA-PW91). The cutoff energy for the planewave basis set was set at 380 eV for structural optimization. Special points of sampling integration over the Brillouin zone were employed in the MonkhorstPack method using a 3 © 3 © 5 special k-point mesh. The smearing parameter of 0.1 eV were employed for drawing the density of states.
Results and discussion
The XRD pattern of BMS-H sample is shown in Fig. 1(b) . The pattern coincides with the pattern of BMS and confirms the stuffed tridymite structure. The highly dispersive conduction bands should be beneficial for the transport of photoexcited electrons and holes. This is likely to suppress the recombination of electronhole pairs. The bottom of the conduction bands are mainly composed of barium 6s orbitals, whereas the tops of the valence bands are composed of Ba5d and O2p orbitals. The measured optical property shows that the experimentally measured absorption edge roughly agree with the calculated edge. indicates that the BMS-H can absorb visible light at around 523 nm, as shown in Fig. 3(b) . The reflectance spectrums of 365 nm light irradiated BMS and BMS-H reveal that the BMS insensibly absorbs 523 nm light and the BMS-H strongly absorbs visible broadband light, which is centered at 523 nm [ Fig. 3(c) ]. The results mean that the reflectance spectrum of BMS-H is changed by the wavelength of irradiation light. It is known that U centers, which are H ¹ ions occupying substitutionally the negative ion sites, appear when crystals are heated in the atmosphere of hydrogen gas. However, U centers appear in the ultraviolet region, are metastable state and convert to F centers. 12) Thus, we think that the large difference between BMS and BMS-H is probably due to the density of oxygen vacancies. Because the difference is generated by sintering atmosphere, and hydrogen H 2 in the sintering atmosphere induces more oxygen
The oxygen vacancies trap electrons and become F-like color centers. Figures 4(a) and 4(b) show that the coloringbleaching and the color density change process are repeatable. The results establish that BMS-H is a visible light photochromic material with high response to visible light, and BMS-H can be applied to recording media using a small blue (405 nm) and a small green (532 nm) lasers. Furthermore, the pink color density of BMS-H is not influenced by irradiation time as shown in Fig. 4(c) , and the color density strongly depends on the wavelength of irradiation light.
15) It is known that thermochemically reduction influences the absorption spectrums of oxides such as Al 2 O 3 and LiNbO 3 .
14),16) However, it is not reported that the color density of oxides is controlled by the wavelength of irradiation light. We think that the pink color density depends on the transition probability of electrons, because the transition probability strongly depends on the wavelength of irradiation light.
13)
We investigated the influence of heat treatment on the reflectance of 365 nm light irradiated BMS-H sample. Figure 5(a) shows the reflectance spectrums of the sample after each heat treatment. The reflectance spectrums scarcely change until 80°C, and gradually increase at broadband absorption with increasing heat treatment temperature. The reflectance at 523 nm drastically increases more than 100°C and reverts to the initial level above 240°C, as shown in Fig. 5(b) . The increase of the reflectance at 523 nm keeps a constant slope from 100 to 180°C, indicating that BMS-H has a single-species trap. The trap depth is calculated from the Arrhenius plot of the correlation between the reflectance and temperature, and the depth is 0.11 eV. The depth is larger than thermal energy (0.026 eV) at 27°C, and hence is a suitable level for stabilizing colored BMS-H.
After heat treatment of 250°C for three minute in air, the sample is substantially bleached, and the bleached sample regains its color on ultraviolet light irradiation. The BMS-H shows high reversibility in the coloringbleaching process [ Fig. 5(c) ]. The color lifetime of oxides, such as WO 3 , MoO 3 and minerals, is a few minutes to a few hours.
2),4) The color lifetime of Ag nanoparticles loaded TiO 2 films in the dark could be 7 days.
8) The reflectance of 365 nm light irradiated BMS-H increased from 26.8 to 44.1% after 22 days in the dark, but the pink color of the BMS-H could be observed by visual confirmation. The result means that the photogenerated colored state of BMS-H is comparatively stable in air at room temperature.
We propose the following model for the photochromism in BMS-H, as shown in Fig. 6 . BMS-H has already positively charged oxygen vacancies, which are formed by react with hydrogen during sintering in reduction atmosphere. On blue light, sunlight or ultraviolet irradiation, the electrons are excited from the valence band, and are trapped by the oxygen vacancies (route 1¼2¼3). The trapped electrons behave as F-like color centers. The light irradiated BMS-H begins to absorb around 523 nm visible lights, and quickly turns pink. The pink color density depends on the wavelength of irradiation light, because the transition probability of electrons in BMS-H strongly depends on the wavelength of irradiation light. On green light irradiation, the trapped electrons are excited and revert to the valence band (route 3¼4¼1). Accordingly, the BMS-H can not absorb 523 nm light and is bleached. On heat treatment, the trapped electrons directly transfer to the valence band without light emission (route 3¼1). The thermal activation energy ¾ t is 0.11 eV. The coloringbleaching process is repeatable. 
Conclusions
In conclusion, we found that BMS-H is one of visible light photochromic materials. The color density of reduced BaMgSiO 4 (BMS-H) strongly depends on the wavelength of irradiation light. After heat treatment of 250°C in air, the sample is substantially bleached, and the bleached sample regains its color on blue or ultraviolet light irradiation. The photogenerated colored state of BMS-H is comparatively stable in air at room temperature. The above mentioned results suggest a strategy in the design of new photochromism materials, that is, start from a composite oxide semiconductor with wide bandgap and try to reduce the oxide in such a way as to change the absorption spectrum (thereby, adjusting the sintering atmosphere).
